INTRODUCTION
With the advent of screening, a large number of small estrogen receptor-positive (ER-positive) tumors are being diagnosed with a generally good prognosis. However, current markers do not allow accurate prediction of the likelihood of recurrence, and improvements are needed to clearly identify which women are at sufficiently low risk to be able to safely avoid the use of chemotherapy and its accompanying adverse effects. 1 We recently reported that the Genomic Health recurrence score (GHI-RS), also known as Oncotype Dx, provided additional prognostic information regarding distant recurrence beyond that obtained from classical clinicopathologic factors (age, nodal status, tumor size, grade, randomized treatment) in 1,231 patients with ER-positive primary breast cancer who did not receive chemotherapy in the Arimidex, Tamoxifen, Alone or in Combination (ATAC) trial and were randomly assigned to either anastrozole or tamoxifen. 2 The prognostic value of the GHI-RS was also compared with the prognoses made by Adjuvant! Online, which is based on classical clinical variables, and was found to be largely independent of this score (R 2 ϭ 0.05). For node-negative patients, the two scores contributed an almost equal amount of information to the final predictive model. In node-positive patients, the number of positive nodes was the dominant variable, but the GHI-RS still added a significant amount of clinically relevant information, especially when only one to three nodes were positive and other factors did not indicate high risk. Thus, there is an opportunity to integrate clinical and molecular markers to create a combined score with substantially greater prognostic value than either approach alone.
It is recognized that certain well-established immunohistochemical (IHC) markers also provide useful prognostic and, in some cases, predictive information in addition to these classical clinical factors. 3, 4 However, no direct comparisons or evaluations have been made with the GHI-RS to date. Here we develop a prognostic score based on four widely measured IHC markers (IHC4)-ER, progesterone receptor (PgR), human epidermal growth factor receptor 2 (HER2; including fluorescent in situ hybridization in the 2ϩ group), and Ki-67-by using tumor biopsy tissues collected from patients in the ATAC trial and determine the extent to which the four markers provide additional prognostic information not captured by classical clinicopathologic variables. Sample-splitting methods are then used to compare the added information in this score with that added by the predefined GHI-RS. Finally, a prognostic model is given that integrates the IHC4 score with classical variables to obtain an overall prediction model.
PATIENTS AND METHODS
Formalin-fixed paraffin-embedded tumor tissue from women from the tamoxifen and anastrozole arms of the ATAC trial reported to be ER positive and/or PgR positive for whom the GHI-RS had been computed 2 and for whom sufficient additional tissue was available to do the IHC analyses were included. We excluded women who received chemotherapy before trial entry and those found to be both ER negative and PgR negative on central review of the new sections, leaving 1,125 eligible patients with measurements for all parameters (Fig 1) . The few patients with unknown nodal status (n ϭ 44) were taken to be node negative, as in previous analyses. Further validation of the IHC4 score was performed by using a cohort of 786 women treated in Nottingham from 1990 Nottingham from to 1998 All of these patients were ER positive (Hscore Ͼ 10; H-score is defined as the percentage of cells staining weakly plus two times the percentage of cells staining moderately plus three times the percentage of cells staining strongly) and received either tamoxifen or no endocrine treatment.
Laboratory Methods
Tissue microarrays (TMAs) were constructed by using a manual tissue arrayer (MTA-1; Beecher Instruments, Sun Prairie, WI) with 600-m tissue cores. Hematoxylin and eosin-stained slides were reviewed by a pathologist and/or an experienced technician, and three representative areas that contained invasive tumor cells were selected. Areas of invasive tumor away from in situ or benign tissue components were marked on both the slides and corresponding paraffin blocks for TMA construction. Three cores were extracted from each donor block and were assembled into three recipient blocks.
ER, PgR, HER2, and Ki-67 IHC and Scoring
IHC for ER, PgR, and HER2 was conducted as previously described 4 and IHC for Ki-67 was described in detail elsewhere.
7 ER and Ki-67 analyses were performed on 4-m sections from the triplicate TMA blocks, and PgR and HER2 analyses were performed on single 4-m whole sections from the donor blocks used in the TMA construction. ER was quantified by using the H-score and was considered positive if greater than 1. The variable ER 10 was obtained by dividing the H-score by 30 to obtain a variable with a range of 0 to 10. PgR was scored as a percentage of cells staining positive with a positive cutoff of 10%. PgR 10 was obtained by dividing this percentage by 10 to obtain a variable with a range of 0 to 10. HER2 was scored according to the manufacturer's recommendation: 3ϩ was positive and equivocal 2ϩ samples underwent fluorescent in situ hybridization analysis and were considered positive only if the ratio was more than 2. Ki-67 scores were recorded as the percentage of positively staining malignant cells.
Similar methods and scoring algorithms were used for the Nottingham cohort, except that the MiB1 antibody was used on whole sections for Ki-67, and TMAs were used for ER, PgR, and HER2. For more details, see Appendix 1 (online only).
Statistical Methods
The four variables used to derive the IHC4 score were determined prospectively before examining the data. These were evaluated in both univariate and multivariate proportional hazards models by using age (Ͻ 65, Ն 65 years), nodal status (0, 1-3, 4ϩ), tumor size (Յ 1 cm, Ͼ 1 to Յ 2 cm, Ͼ 2 to Յ 3 cm, Ͼ 3 cm) centrally read grade (poor, intermediate, well differentiated), and randomized treatment (anastrozole v tamoxifen). The primary end point was time to distant recurrence (TTDR). Follow-up was based on the 100-month median follow-up database. 8 The contribution of each of the four variables was evaluated by the change in likelihood ratio 2 (LR-2 ; 1 df ) in three ways: by univariate analyses, as an addition to a model containing only the clinical variables, and as a decrease in LR-2 when the variable was removed from the full model containing the clinical variables and all four IHC variables. Finally, a model was created that used all the data to give the best IHC4 score when combined with the classical variables, leading to an overall prognostic score. To allow for the small amount of overfitting of the IHC4 score, a shrinkage correction was used 9 for the final score. To compare the IHC4 score against the GHI-RS, sample splitting was used in which the IHC4 score was generated by using half the data, and then this score was compared with the GHI-RS in the remaining half of the data. For the Nottingham cohort, exactly the same combined score was used except that about half the patients in that cohort received no endocrine treatment, and an additional indicator variable was added to account for this. Manual reading of Ki-67 was also used, leading to , human epidermal growth factor receptor 2, and Ki-67) and Genomic Health recurrence score (GHI-RS). Chemo, chemotherapy; H&E, hematoxylin and eosin; RS, recurrence score; TransATAC, the translational science substudy within the ATAC study.
higher readings, and a rescaling factor of 2.5 (based on the ratio of median levels) was used to normalize the readings. Full details are provided in Appendix 2 (online only).
RESULTS
Values for the GHI-RS and the four IHC markers were available for 1,125 women of whom 793 were node-negative (Fig 1) . There were 195 recurrences of which 145 were distant recurrences. In nodenegative women, there were 101 recurrences of which 67 were distant recurrences.
Contribution of Individual Markers
We began by determining the value of each of the four IHC markers in three ways: by univariate analyses, as an addition to a model containing the classical variables, and when added to a model containing the classical variables and the other three IHC markers (Table 1) . This was done for all women and separately for nodenegative women only. It can be seen that each of the four variables added a significant amount of information; Ki-67 was the most powerful in univariate analyses but not in multivariate analyses because of its correlation with grade. For the multivariate models, PgR was most prognostic overall but less so in node-negative patients in whom ER, HER2, and Ki-67 had similar values.
Creation of IHC4 Score
Next we determined the most informative combination of the four IHC variables for distant recurrence in the presence of classical variables. These variables showed only modest correlation except for the expected correlations between PgR with HER2 and grade with HER2 and Ki-67 (Appendix Table A1 , online only). The overall contribution of the IHC measurements was highly significant ( 2 4 df ϭ 39.1; P Ͻ .0001), and the shrinkage-adjusted IHC4 score was computed as IHC4 ϭ 94.7 ϫ {Ϫ0.100 ER 10 Ϫ0.079 PgR 10 ϩ 0.586 HER2 ϩ 0.240 ln (1 ϩ 10 ϫ Ki67)}.
The optimal underlying clinical score (as part of an overall model) was found to be clinical score ϭ 100 ϫ ͕0.
where N j , T j , Gr j , and Age j denote categories of nodal status, tumor size, grade, and age, respectively, and Ana denotes treatment with anastrozole as opposed to tamoxifen. The overall score was the sum of these two scores. A shrinkage factor of 0.947 ϭ (35.1/39.1) 1/2 for the IHC4 score and 0.930 ϭ (45.1/52.1) 1/2 for the non-nodal part of clinical score was applied to allow for the small amount of overfitting. For ease of interpretation, these scores have been multiplied by 100. Similar IHC4 scores were obtained if the end point was all recurrences, if only node-negative women were included, or if local grade was used in the clinical score and they were highly correlated (Pearson correlation Ͼ 0.93 for all pairwise comparisons). The 2 for the clinical variables using all patients was 147 (9 df). Similar models were obtained when analyses were restricted to nodenegative patients or when any recurrence was used as an end point. A similar prognostic value was obtained for node-negative patients ( 4 2 ϭ 35.4) but now the classic variables were less predictive ( 7 2 ϭ 40.7) because of the omission of nodal status. For these patients, the IHC4 contained almost as much information as the remaining classical variables. A histogram of the IHC4 score for all patients is shown in Figure 2 . The median is Ϫ4.2 and the interquartile range (IQR) is Ϫ29.9 to 29.9. The hazard ratio (HR) for a change from the 25th to 75th percentile of the IHC4 score for all patients was 5.7 (95% CI, 3.4 to 9.7) in a univariate analysis and 3.9 (95% CI, 2.4 to 6.7) when added to the clinical score. A slight skewness with a longer upper tail is noted. A similar histogram is obtained when restricted to node-negative patients, with median Ϫ6.0 and IQR of Ϫ31.0 to 27.0.
None of the patients in this study received trastuzumab if they were HER2-positive, as would be current practice. Thus, it is of interest to see how the model performed on the 1,066 patients who were HER2-negative (in whom there were 179 recurrences, 124 of which were distant recurrences). A model termed "IHC3" developed on such NOTE. The magnitude of the 1 2 value gives a quantitative estimate of the amount of information provided by the variables. Abbreviations: ER 10 , estrogen receptor H-score ͓H-score is defined as the percentage of cells staining weakly plus two times the percentage of cells staining moderately plus three times the percentage of cells staining strongly divided by 30 to obtain a variable with a range of 0 to 10͔; HER2, human epidermal growth factor receptor 2; IHC4, score for four immunohistochemical markers (ER, PgR, HER2, and Ki-67); PgR 10 , progesterone receptor scored as a percentage of cells staining positive with a positive cutoff of 10%, with the score divided by 10 to obtain a variable with a range of 0 to 10; 1 2 , 2 on one degree of freedom.
patients was highly prognostic ( 3 2 ϭ 22.4; P Ͻ .0001) and had the following form:
IHC3 ϭ 93.1 ϫ {Ϫ0.086 ER 10 Ϫ 0.081 PgR 10 ϩ 0.281 ln ͑1 ϩ 10 ϫ Ki67)}, which was virtually identical to IHC4 when HER2 was negative.
Comparison With GHI-RS
The mean changes in LR-2 for the addition of either IHC4 or GHI-RS or both to the classical score in the validation halves of 100 random splits of the data are shown in Table 2 . Higher values indicate more added prognostic information. Separate classical scores were computed when evaluating IHC4 score and GHI-RS, but the two classical scores were highly correlated (r ϭ 0.998) and the choice of which one was used had a minimal impact on the outcome. The IHC4 score was modestly correlated with the GHI-RS (r ϭ 0.72), indicating some overlap in information but also a considerable difference. Similar correlations were found when the GHI-RS was compared with the IHC4 score determined by recurrence or when restricted to nodenegative patients (r ϭ 0.68 for TTDR, N 0 ; r ϭ 0.71 for time to recurrence [TTR], all; r ϭ 0.69 TTR, N 0 ), indicating an R 2 of approximately 50% between these scores. These procedures indicate that the amount of prognostic information provided by the IHC4 score is similar to that provided by the GHI-RS. This was true regardless of whether TTDR or TTRwasusedasanendpoint,orwhetherallpatientswereincludedorjust the node-negative subset. The IHC4 score was slightly more prognostic for distant recurrences whereas the GHI-RS was slightly more prognostic for all recurrences. Using both scores together provided slightly more information than using either of the scores individually. The average coefficient in the validation halves of the data for the IHC4 score derived from the training sets was 0.894, which agrees closely with the predicted value for the split sample of 0.889, supporting the shrinkage estimate used above for the final IHC4 score. However the shrinkage value predicted for the whole sample is nearer to unity because of the larger sample size.
Examples of Prognostic Power
To illustrate these results more fully, Kaplan-Meier curves for a node-negative, 1-to 2-cm poorly differentiated tumor receiving anastrozole are shown for either the 25th or 75th percentile of each score (Fig 3) . At 9 years, the difference for distant recurrence was 7.6% versus 13.9% for theIHC4scoreand9.2%versus13.4%fortheGHI-RS. Abbreviations: C, clinical score; GHI-RS, Genomic Health recurrence score; IHC4, four immunohistochemical markers (estrogen receptor, progesterone receptor, human epidermal growth factor receptor 2, and Ki-67); LR-recurrence after 9 years separately for each nodal category. Differences between the two scores for predicted 9-year distant recurrence rates for a range of different clinical parameters are shown in Table 3 .
Further Validation of IHC4 in the Nottingham Cohort
Further validation of the IHC4 score was performed by using a cohort of 786 ER-positive women treated in Nottingham. About half these women received no endocrine treatment and were somewhat younger because they did not have to be postmenopausal, but otherwise they were well matched to the TransATAC (the translational science substudy within the ATAC study) cohort (Appendix Table A2 , online only). Because Ki-67 levels were on average about 2.5 times higher on account of the manual reading and use of the MiB1 antibody (Appendix Table A2 ), they were rescaled in the IHC4 score by this amount (ie, a multiplier of 4 was used instead of 10 before taking logarithms). The adjustedIHC4scorewashighlysignificantlyprognosticforoutcome(HR, 4.1; 95% CI, 2.5 to 6.8) for a change from the 25th to 75th percentile in a univariate analysis and gave similar results when added to the clinical score (HR, 3.9; 95% CI, 2.3 to 6.5; ⌬ 2 ϭ 25.89; P Ͻ .0001). Patients were divided into three prognostic tertiles using the combined score derived from the TransATAC data, and observed and expected distant recurrence Kaplan-Meier curves (based on the average of the predicted survival curves within tertile using the TransATAC model) are shown in Figure 5 . Similar results are seen if the data are restricted to the patients treated with tamoxifen.
DISCUSSION
We have shown that accurate quantitative IHC measures of ER, PgR, HER2, and Ki-67 provide additional prognostic information in this population that is at least as informative as the RNA-based GHI-RS. We have created a prognostic model that integrates this information with classical clinical and pathologic variables and may prove helpful in managing early ER-positive breast cancer in postmenopausal patients.
The GHI-RS was created by analyses performed within a single laboratory and has been shown to be highly reproducible. Although it has become widely used in the United States, its cost is an impediment to its use in many centers in other countries. An attraction of IHC4 is that three of the tests (ER, PgR, and HER2) are conducted in the routine workup of almost all breast cancers and that Ki-67 is also measured in many centers. The Ki-67 method in this study used the SP6 antibody and image analysis. Thisprovideshighlycorrelatedbutlowervaluesthanmanualscoringwith the widely used MiB1 antibody, 7 which would require an adjusted coefficient within the IHC4. On the basis of the Nottingham data, this adjustment should be by a factor of about 2.5. Thus IHC4 constitutes an alternative, inexpensive test battery that can provide prognostic utility similar to that of the GHI-RS and can identify women at such low risk of Predicted 9-year distant recurrence probabilities for different nodal status groups according to the sum of the IHC4 score (score for four immunohistochemical markers: estrogen receptor, progesterone receptor, human epidermal growth factor receptor 2, and Ki-67) and clinical score (after removing nodal status term) and histogram for clinical score ϩ IHC4 score for each nodal status. The predicted 9-year distant recurrence rates for a patient at the 25th and 75th percentile of the score for each nodal category are indicated. Abbreviations: GHI-RS, Genomic Health recurrence score; IHC4, four immunohistochemical markers (estrogen receptor, progesterone receptor, human epidermal growth factor receptor 2, and Ki-67).
recurrence that no meaningful benefit from chemotherapy can be envisaged for them. Lack of reproducibility of IHC assays is, however, an issue of concern in considering extension of the use of IHC4 to other laboratories. Differences in IHC values can occur as a result of variability in several factors including fixation, antigen retrieval, reagents, and interpretation. Several quality assurance programs have been created, such as the United Kingdom National External Quality Assessment Service (NEQAS), and these have been shown to lead to marked improvements in betweenlaboratory agreement. 10 Further improvements in the standardization of assays may also be aided by the American Society of Clinical Oncologists/ College of Pathologists (ASCO/CAP) guidelines for HER2 11 and more recently for ER and PgR. 12 We have validated our results using another datasetinwhichtheassaysweredoneinaseparatelaboratory,butbecause IHC4 offers the possibility to do this test in local laboratories, full validation would require evaluation of the IHC4 score when carried out in a range of local laboratories.
None of the clinical or IHC variables provided predictive information regarding the choice between tamoxifen or anastrozole. In addition, the analysis was conducted in women who did not receive chemotherapy because the aim was to identify women at such low risk of distant recurrence after endocrine treatment that they might be safely spared chemotherapy. Development of a model that would predict the magnitude of benefit from chemotherapy is also desirable. The low-and high-risk categories identified by GHI-RS have been reported to separate women into those who would gain little or substantial benefit from adjuvant chemotherapy, respectively.
13,14 A similar relationship is may exist for the IHC4 score, but direct verification is needed.
Overall, these data suggest that four standard IHC assays performed in a high-quality laboratory can provide amounts of prognostic information similar to that provided by the GHI-RS for endocrine-treated ERpositive breast cancer patients. This information is clinically relevant and the difference between being at the 25th percentile and the 75th percentile translates into an almost two-fold difference in 9-year distant recurrence rates (Table 3) . This approach has a wide applicability and could extend the circumstances in which improved prognostic information is routinely available. information contained in the IHC4 score was assessed by change in the LR-2 (with 4 df) when the four variables were added to a model containing the classical clinical variables. A shrinkage correction 9 was then applied to adjust for the small amount of overfitting associated with this approach by rescaling the IHC4 score to have an LR-2 that equaled the observed LR-2 minus the number of degrees of freedom (df ϭ 4). The validity of this was confirmed in the split-sample analyses described below.
AUTHORS' DISCLOSURES OF POTENTIAL CONFLICTS OF INTEREST
Illustrative examples of the difference in 9-year distant recurrence percentages at the 25th versus the 75th percentile of the IHC4 score were given for selected clinical parameter combinations, and a graph was created to estimate these proportions for any value of the combined clinical and IHC4 score.
Comparison of the IHC4 with the Genomic Health, Inc., recurrence score (GHI-RS) presented additional difficulties, since the GHI-RS was predefined, and no such predefined score existed for IHC4. To overcome this, we split the entire sample randomly into two equal halves. The first half (training set) was used to compute an IHC4 score for the added value of these four variables to the classical features. A clinical score was also created from the coefficients obtained from the full model to reflect the contribution of the classical variables as a single score. These two scores were then used as the only independent variables in the remaining half of the data (validation), where the prognostic value of the IHC4 score was assessed by the increase in the LR-2 when this score was added to the classical score. The validation set was then used in the same manner to determine the increase in LR-2 when the GHI-RS was added to a newly computed clinical score on the basis of using the same clinical variables in the training set but in the presence of the GHI-RS. Use of the clinical score obtained from the IHC4 model instead of this score had little effect on the results because they were highly correlated. Since the IHC4 was created and tested on independent data sets, any overfitting due to the estimation of the coefficients for the model was eliminated. The process was then repeated after interchanging the role of the training and validation sets, and the two 2 values were summed on the square root scale (ie, each LR-2 was squared-rooted, summed, and then squared). To minimize any fluctuation due to the random splitting of the data, this was repeated 100 times, and the resulting LR-2 values were averaged on the square root scale, as above. For comparison the same process was done for the GHI-RS and a model including both the ICH4 score and the GHI-RS. To obtain CIs for these averaged LR-2 values, a bootstrap analysis was performed with 100 replications. To assess the validity of our shrinkage correction on the whole sample, the coefficients obtained for the IHC4 score and clinical score (omitting nodal status) in the validation half of the samples were averaged over 1,000 sample splits. Values near to unity indicate minimal overfitting, and smaller values quantify the extent of overfitting. The shrinkage adjustment estimated by this approach was then compared against the estimates based on LR-2 described above, when applied to the split-sample data sets. Further validation was performed in a separate data set from Nottingham. Exactly the same coefficients were used for the components of the IHC4 score as well as the clinical score, but the Ki-67 values were rescaled by a factor of 2.5 to account for the higher values obtained from manual reading. The only other modification was to add an additional term for no endocrine treatment, because such a group did not exist in the TransATAC data set. Patients were divided into three prognostic tertiles that used the combined score derived from the TransATAC data (with adjustment for no endocrine treatment), and observed and predicted distant recurrence Kaplan-Meier curves (based on the average of the predicted survival curves within tertile) were computed. The model was found to discriminate quite well despite use of a different antibody for Ki-67.
Our conclusions are based on a split-sample evaluation within a single large multicenter trial, whereas the GHI-RS was verified in a separate study. However, the verification half of our study (n ϭ 562) was similar in size to the entire GHI-RS validation study (National Surgical Adjuvant Breast and Bowel Project (NSABP) B-14; N ϭ 675 12 ), and the training half was larger than the trials used to formally develop the recurrence score from a panel of 250 candidate genes (NSABP-20 and other studies; N ϭ 447 (Paik S, et al: N Engl J Med 351:2817 -2826 , 2004 Mamounas EP, et al: J Clin Oncol 28:1677 -1683 , 2010 . We have also taken great care to adjust for any overfitting of the final IHC4 score and have validated it in an entirely independent patient cohort. [87] [88] [89] [90] 1985) . Abbreviations: ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; H-score, the percentage of cells staining weakly plus two times the percentage of cells staining moderately plus three times the percentage of cells staining strongly divided by 30 to obtain a variable with a range of 0 to 10; IHC4, four immunohistochemical markers (ER, PgR, HER2, and Ki-67); LR, likelihood ratio; PgR, progesterone receptor.
*Linear logit (LR trend test). †Wilcoxon. 
